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Vertebrate neurogenesis involves sequential actions of transcription factors. neurogenins, encoding Atonal-related bHLH
transcription factors, function as neuronal determination genes in Xenopus. neurogenins and another bHLH factor gene,
Mash1, are expressed in distinct subsets or areas of cells giving rise to neurons, suggesting that these genes play important
roles to generate distinct populations of neurons. A mammalian homologue of BarH (MBH1) is expressed in a
complementary pattern to Mash1 expression in the developing nervous system like neurogenins. Forced expression of
MBH1 down-regulates expression of Mash1 and up-regulates neurogenin2/Math4A, a member of neurogenins, in P19 cells
during neuronal differentiation. This suggests that MBH1 is a potential regulator of mammalian neural bHLH genes, thereby
establishing distinct pathways of neuronal differentiation. © 1998 Academic Press
INTRODUCTION
The vertebrate central nervous system (CNS) comprises
an enormous number of cell types that develop from the
neural tube. The embryonic neural tube is anatomically
divided into the fore-, mid-, and hindbrain and the spinal
cord. The forebrain is further subdivided like the hindbrain
into segmentally arranged units, called neuromeres, by
morphological criteria and the expression patterns of a
number of genes such as transcription factors and cell
adhesion molecules, etc. (for review see Figdor and Stern,
1993; Puelles and Rubenstein, 1993; Rubenstein et al.,
1994; Redies and Takeichi, 1996).
Members of the family of basic-helix-loop-helix (bHLH)
transcription factors are expressed in restricted domains of
the developing nervous system (see Guillemot, 1995, for a
review). Several bHLH factors have been established to play
important roles in vertebrate neurogenesis (Guillemot et
al., 1993; Ferreiro et al., 1994; Turner and Weintraub, 1994;
Ishibashi et al., 1995; Lee et al., 1995; Ma et al., 1996), and
cascades of the bHLH factors have been proposed (Lee et al.,
1995; Ma et al., 1996; Sommer et al., 1996; Cau et al., 1997).
A mammalian homologue of achaete-scute, Mash1, is ex-
pressed in subsets of neuronal precursor cells (Lo et al.,
1991; Guillemot and Joyner, 1993) and required for the
differentiation of autonomic and olfactory sensory neurons
(Guillemot et al., 1993; Sommer et al., 1995). neurogenins,
which encode Atonal-related bHLH factors, are also ex-
pressed at early stages of neuronal differentiation (Ma et al.,
1996; Sommer et al., 1996; Gradwohl et al., 1996). Neuro-
genins are thought to function as neuronal determination
factors, since overexpression of neurogenins induces ec-
topic neurogenesis (Ma et al., 1996). Mash1 and members of
neurogenins are expressed in distinct subsets or areas of
cells giving rise to neurons (Sommer et al., 1996; Gradwohl
et al., 1996; Ma et al., 1997). The distinct expression
patterns of these genes suggest that they may play impor-
tant roles in generating the diversity of neuronal cell types.
The mechanisms that regulate these genes, however, re-
main to be determined.
In Drosophila, achaete-scute and atonal control the dif-
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ferentiation of distinct types of neurons. The differentiation
of external sensory organs requires achaete-scute function
(reviewed in Jan and Jan, 1994), whereas the differentiation
of photoreceptors and chordotonal sensory organs is con-
trolled by atonal (Jarman et al., 1995). achaete-scute expres-
sion is regulated by a zinc-finger protein gene, pannier
(Ramain et al., 1993) and homeobox genes such as araucan
and caupolican (Go´mez-Skarmeta et al., 1996). Another
homeobox gene, rough, has been recently shown to regulate
atonal expression in the development of the eye (Dokuku et
al., 1996).
The homeodomain is a peptide sequence motif, encoded
by a homeobox, which was originally found among Dro-
sophila developmental control genes. The homeobox genes
have been cloned not only from metazoans but also from
fungi and plants, and many of these genes function in
developmental processes such as pattern formation and cell
fate determination, etc. (for a review see Duboule, 1994).
Homeodomain proteins are classified into several classes
and families by similarities in their homeodomain se-
quences and by sequence motifs outside of the homeodo-
main such as LIM, POU, and paired domains, etc. Most
members of the classes and families have homologues in
other species, suggesting that the mechanisms underlying
developmental processes are conserved in some way among
species. The BarH genes, BarH1 and BarH2, which play
important roles in the development of Drosophila eye
(Kojima et al., 1991; Higashijima et al., 1992a), however,
have been thought not to have a vertebrate homologue
(Bu¨rglin, 1994). Here we report the cloning of a mammalian
homologue (MBH1) of the BarH genes.
MBH1 is specifically expressed in the developing nervous
system. Forced expression of MBH1 in P19 cells regulates
expression of Mash1 and neurogenin2/Math4A (ngn2) in
opposite ways during neuronal differentiation. These data
suggest that MBH1 is a potential regulator of mammalian
neural bHLH genes and that it may contribute to specifying
the complementarity of ngn2 and Mash1 expression in vivo.
MATERIALS AND METHODS
Materials
Rat embryos were obtained from timed-pregnant Sprague–
Dawley rats (Japan SLC). P19 cells were maintained and differen-
tiated as described before (Johnson et al., 1992).
Cloning of the MBH1 Gene and Sequence
Comparison
Molecular cloning was performed according to standard proce-
dures (Sambrook et al., 1989). Several homeobox DNA fragments
were identified by differential RT-PCR using previously described
primers (Saito et al., 1995), which were expressed in E12.5 rat brain
but not in either E13.5 dorsal root ganglia or MAH (sympatho-
adrenal precursor), NCM1 (glial precursor), or Rat1 fibroblast cells
(Saito et al., 1996). One of the DNA fragments encoding a homeo-
domain similar to that of the BarH1 and BarH2 proteins was used
as a probe to isolate longer cDNA clones from a rat E12.5 head
cDNA library (Saito et al., 1996). cDNA clones containing 1.6- and
0.8-kb inserts were obtained, and their nucleotide sequences were
determined on both strands using BcaBEST DNA polymerase
(Takara). The nucleotide sequence of the MBH1 gene has been
deposited in the Genbank database under Accession No.
AB004056.
A comparative tree was made by using the program Pileup in the
GCG software package. Other programs such as Distances and
Growtree were also used to make a phylogenetic tree. Both trees
classified the homeodomain sequences in the same way.
Drosophila Manipulations
The 1.5-kb DNA fragment of the MBH1 cDNA containing the
entire coding region was inserted into the pCaSpeRhs vector
(Thummel and Pirrotta, 1991). Transgenic flies were generated as
described before (Sawamoto et al., 1994). Four transformant lines
showing a similar eye phenotype were obtained and balanced over
CyO or TM3 chromosomes. To induce MBH1 expression, flies
were heat shocked at 38°C for 1 h every 5 h during the third-instar
larvae stage.
Analysis of MBH1 Expression
Northern blotting and in situ hybridization were performed as
described before (Saito et al., 1996). For Northern blotting, 12 mg of
total RNA was loaded onto each lane. cDNA clones of neurogenins
1, 2, and 3 were generous gifts from Dr. Ma (Sommer et al., 1996).
Transfection of the MBH1 cDNA
To express MBH1, pXH4 was constructed by inserting the 1.5-kb
fragment of the MBH1 cDNA into EcoRI and XhoI sites (down-
stream of a CMV promoter) of pcDNA3 (Invitrogen). pXH4B, which
contains a frameshift mutation in the MBH1 gene, was made by
filling-in a BstEII site (nucleotide residue 276 of the MBH1 gene).
pXH4B will produce a truncated protein carrying N-terminal 80-
amino-acid residues of the MBH1 protein. pXH4S, which has a
600-bp deletion, was made by ligating Sfil sites (residues 454 and
1054). pXH4S will produce a protein lacking in amino acid residues
131 to 330 (see Fig. 1A). pXH86 was constructed to express PHD1
by inserting the 2.3-kb fragment containing the entire coding
region of the PHD1 protein into ApaI and XbaI sites of pcDNA3.
These plasmids were transfected into P19 cells using Lipofectoam-
ine (Gibco BRL) as described in manufacture’s protocol. Trans-
fected cells were selected for 10 days in the presence of G418,
diluted, and transferred onto 96-well plates. Colonies derived from
a single cell were chosen and further characterized. For differentia-
tion, cells were aggregated in the presence of 1 mM retinoic acid for
4 days and transferred onto tissue culture dishes. Total RNAs were
prepared for Northern blotting from the cells without retinoic acid
treatment and the cells 3, 5, and 8 days after the onset of the
treatment. Four lines obtained by the transfection of pcDNA3 as a
control and seven lines obtained by that of pXH4 were analyzed.
None of the four control lines express high levels of ngn2 mRNA
during neuronal differentiation. Of the seven MBH1-expressing
lines, three lines express MBH1 strongly and express higher levels
of the ngn2 mRNA than the control lines. The three lines were
independent clones. Four lines were obtained and analyzed by each
transfection of pXH4B, pXH4S, and pXH86. These lines expressed
the same levels of the ngn2 and Mash1 mRNAs as the control lines.
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RESULTS
Identification of a Mammalian BarH Homologue
The homeobox DNA of MBH1 was isolated by differen-
tial RT-PCR as a clone which is expressed in the brain but
not in the peripheral nervous system (PNS) and was used as
a probe to obtain longer cDNA clones from a rat cDNA
library. The cDNA clones encode a novel 41-kDa homeodo-
main protein (Fig. 1A). The deduced amino acid sequence of
the MBH1 protein is predicted to be full-length, since there
are in-frame termination codons upstream of the initiator
methionine.
The homeodomain of the MBH1 protein is the most
closely related to that of both the Drosophila BarH1 and
BarH2 proteins, and sequence similarities among the three
proteins are extended to 20 more residues preceded by the
homeodomain (Fig. 1B). Homopolymeric amino acid
stretches of alanine, glutamine, and histidine are also
detected outside of the homeodomain among the three
proteins (Fig. 1A and Higashijima et al., 1992a).
To clarify the relationship of the MBH1 protein with
other homeodomain proteins, a comparative tree was made
based on the comparison among their homeodomain se-
quences (Fig. 1C). The tree indicates that the MBH1 protein
FIG. 2. Bar-like eye phenotype by forced expression of MBH1. Scanning electron microphotographs of adult eyes: wild-type (A) and heat
shock-treated MBH1-transgenic flies (B). Bar is 100 mm.
FIG. 1. (A) Amino acid sequence of MBH1 protein; homeodomain and two sequences with a FIL peptide motif are underlined. (B)
Comparison of homeodomain sequences among homeodomain proteins similar to the MBH1 protein. A dash indicates amino acid identity
at this position. The homeodomain is underlined. (C) Comparative tree describing the relationships among the homeodomain sequences.
(D) Alignment of FIL peptide sequences of several homeodomain proteins. A dash indicates amino acid identity at this position. Right and
left numbers in parentheses are numbers of the first residues of the FIL peptide and homeodomain, respectively. The sources of the
sequences are BarH1, m73079; BarH2, m82887; C33D12.7, u64600; Cnox3, x64627; Bsh, I06475; Barx1, y07960; Tlx-1, s70632; Nkx-1.1,
x75384; Ceh1, u55376; Xbr-1, Papalopulu and Kintner (1996); Gbx2, u02080; Ceh-9, s13129; Ceh-19, z11795; EMX1, x68879; NK-1, m27189;
Ceh-1, u55376; F31E8.3, u55856; Tlx-2, m75953; xNot, z19577; HLX1, x58250; mouse Goosecoid (mGsc), m85271; Xenopus Goosecoid
(xGsc), m81481.
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belongs to the BarH class, including the BarH1 and BarH2
proteins as well as the C33D12.7 gene product, which has
been recently identified by the Caenorhabditis elegans
genome sequencing project (Wilson et al., 1994). Another
mammalian BarH-related protein, Barx1, is more similar to
cnidarian Cnox3 protein and will form another class with
the protein. This classification is consistent with expres-
sion patterns of these protein genes. MBH1 is expressed in
the developing nervous system (see below) as well as BarH1
and BarH2. In contrast, Barx1 is expressed in the ectomes-
enchyme and the stomach (Tissier-seta et al., 1995).
A number of homeodomain proteins have another con-
served motif outside of the homeodomain such as hexapep-
tide, POU, and LIM, etc. (for a review see Duboule, 1994).
The comparison among the MBH1, BarH1, and BarH2
proteins revealed a novel peptide motif upstream of the
homeodomain (Fig. 1D). The peptide motif, which contains
a consensus sequence composed of phenylalanine, isoleu-
cine, and leucine, is designated as FIL peptide hereafter. The
MBH1 protein has two FIL peptides (Fig. 1A), whereas the
BarH1 and BarH2 proteins have only one. The FIL peptide
can also be found in several other homeodomain proteins,
most of which have been known not to have any other clear
motifs than the homeodomain. The FIL peptides appear to
be more conserved among the members of the same class,
e.g., Tlx and Goosecoid.
Forced Expression of MBH1 Generated Bar-like
Eyes in Drosophila
BarH1 and BarH2 are located at the Bar locus of Drosoph-
ila, and their overexpression in the third-instar larvae cause
Bar-like eye malformation, in which ommatidial differen-
tiation is suppressed in the anterior portion of the eye
(Kojima et al., 1991; Higashijima et al., 1992a). To learn
whether MBH1 has a similar activity to BarH1 and BarH2,
transgenic flies carrying the MBH1 gene under the control
of a heat shock promoter were generated. Heat shock
treatment in the third-instar larvae caused a Bar-like eye
phenotype in the flies (Fig. 2B). Without the heat shock
treatment, the transgenic flies developed normal eyes (data
not shown). This result suggests that MBH1 has a similar
activity to BarH1 and BarH2 in Drosophila.
MBH1 Is Expressed in the Developing Nervous
System
MBH1 expression during rat embryonic development was
analyzed by Northern blotting. A single mRNA species of
;2.3 kb was detected at E11.5 (Fig. 3). Expression of MBH1
was transient, declining after E15.5 like Mash1, in contrast
to SCG10 (a neuronal differentiation marker).
The localization of the MBH1 mRNA was next examined
by in situ hybridization (Figs. 4 and 5). MBH1 expression
was restricted to the eye and CNS. In the retina at E15.5,
MBH1 was expressed in the ganglion cell layer, which was
SCG10-positive (Figs. 4A and 4D). MBH1 expression in the
ganglion cell layer was detected throughout neurogenesis
until postnatal stages (data not shown). Mash1 was ex-
pressed in a more outer layer, which contained undifferen-
tiated cells (Fig. 4B). These results suggest that in the retina
MBH1 and Mash1 are either expressed at different develop-
mental stages in the same lineage or expressed in distinct
lineages and that the two genes may regulate distinct
operations of neurogenesis in this tissue.
In CNS, MBH1 expression was detected in the ventricular
zone of the dorsal thalamus (Fig. 5A). The domain of MBH1
expression was complementary to that of Mash1, which
was detected in the ventral thalamus (Fig. 5B). In the
thalamus, the expression pattern of MBH1 was similar to
that of neurogenin2/Math4A (ngn2), which was also
complementary to that of Mash1 (Fig. 5C). The earliest
stage at which the MBH1 and ngn2 mRNAs could be
detected in the diencephalon was at E11.0, and the comple-
mentary expression pattern of MBH1 and Mash1 and the
overlapping expression pattern of MBH1 and ngn2 were
observed from E11.0 to E15.5 (data not shown). These
results indicate that MBH1/ngn2 and Mash1 are expressed
in distinct populations of neural precursor cells in the
thalamus, suggesting that these genes may play important
roles in generating different types of neurons.
FIG. 3. Northern analysis of MBH1 mRNA. Total RNAs were
isolated from cell lines and rat embryos: lanes 1 to 3, MAH, Rat1,
and NCM1 cells; lanes 4–11, E11.5 and E13.5 whole embryos,
heads and trunks of E15.5 and E17.5 embryos, brain and trunk of
E19.5 embryos. Blots were annealed with cDNA probes for MBH1,
Mash1, SCG10, and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH). The positions of 28S and 18S RNAs are indicated by
arrows.
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MBH1 Regulates Expression of Basic HLH Genes in
P19 Cells
P19 teratocarcinoma cells are differentiated into CNS-
like neurons with the treatment of retinoic acid (RA).
During the differentiation, Mash1 is transiently expressed
(Johnson et al., 1992), but not MBH1 (see Figs. 6 and 7).
Moreover, the expression level of ngn2 was low (see below).
These suggest that MBH1 is not required for neuronal
differentiation and that the neuronal differentiation of P19
cells may be similar to that in the Mash1-expressing regions
of the CNS. To address the function of MBH1, the plasmid
carrying the MBH1 gene downstream of a CMV promoter
was transfected into P19 cells. Transfected cells were se-
lected in the presence of G418, and cell lines derived from
a single cell were established.
The cell lines were differentiated with RA treatment, and
the Mash1 and ngn2 mRNAs were analyzed by Northern
blotting 5 days after the onset of the treatment, at which
both of the mRNAs were accumulated to the highest level
(see Fig. 7). Lines obtained by the transfection of the MBH1
gene expressed the MBH1 mRNA at various levels (Fig. 6A,
lanes 3–5). The amount of the Mash1 mRNA was reduced
in all of the lines in comparison with lines obtained by the
transfection of a vector alone as a control (Fig. 6A, second
panel). In contrast, ngn2 expression was up-regulated in the
lines expressing MBH1 strongly (Fig. 6A, lanes 3 and 4).
Expression of other bHLH genes such as neurogenin1,
neurogenin3, and NeuroD was not affected by forced ex-
pression of MBH1 (data not shown). These results indicate
that the forced expression of MBH1 down-regulates expres-
sion of Mash1 and up-regulates ngn2 in differentiating P19
cells.
To learn whether the effect of MBH1 on Mash1 and ngn2
expression is specific to the MBH1 protein, mutated MBH1
genes and another homeobox gene, PHD1, were expressed
under the CMV promoter in P19 cells (Fig. 6B). Expression
of Mash1 and ngn2 was not affected by either a frameshift
or a deletion mutant of the MBH1 gene, which produce
proteins lacking in the homeodomain (Fig. 6B, lanes 2 and
3). The expression was not affected by PHD1 either (Fig. 6B,
lanes 4 and 5). These results suggest that the homeodomain
of the MBH1 protein is important for the regulation of
Mash1 and ngn2.
Expression of the ngn2 mRNA in the MBH1-expressing
cell line was examined during neuronal differentiation (Fig.
7). In a control cell line obtained by the transfection of the
FIG. 4. Expression of MBH1 mRNA in the E15.5 rat eye. Sections were hybridized with antisense cRNA probes for (A) MBH1, (B) Mash1,
(C) Pax6, and (D) SCG10. Control hybridization using a sense-strand probe of MBH1 gave no specific signal (data not shown). Bar is 200 mm.
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vector, the MBH1 mRNA was not detected through the
differentiation (Fig. 7, lanes 1–4). In the MBH1-expressing
line, the amount of the MBH1 mRNA was low before the
RA treatment. This may reflect that the stability of the
MBH1 mRNA is regulated during neuronal differentiation,
since the MBH1 mRNA was very unstable in nonneural
cells like NIH3T3 (data not shown). The time-course pat-
tern of ngn2 expression during the differentiation was
similar between the control and the MBH1-expressing
lines, although the amount of the ngn2 mRNA was differ-
ent. The amount of the ngn2 mRNA reached to the highest
level 5 days after the onset of the RA treatment and
declined at the eighth day, even if the MBH1 mRNA was
detected at the third day and was accumulated more at the
eighth day in the MBH1-expressing line. This suggests that
MBH1 alone is not enough for activation of ngn2 expression
and that there are some cofactors required for the activa-
tion, which is expressed around the fifth day in differenti-
ating P19 cells.
DISCUSSION
A mammalian BarH homologue (MBH1) is specifically
and transiently expressed in the developing nervous sys-
tem. The domain of MBH1 expression is complementary to
that of Mash1 and overlapping to that of ngn2. The forced
expression of MBH1 in P19 cells down-regulates expression
of Mash1 and up-regulates ngn2, suggesting that MBH1 is a
potential regulator of mammalian neural bHLH genes.
Relationship of MBH1 with BarH1 and BarH2
The MBH1 protein is more closely related to the BarH1
and BarH2 proteins than any other vertebrate proteins.
Several amino acid residues preceded by the homeodomain
and the homopolymeric amino acid stretchs are conserved
among the MBH1, BarH1, and BarH2 proteins. Forced
expression of MBH1 in Drosophila caused a Bar-like eye
malformation, which can also be generated by overexpres-
sion of either BarH1 or BarH2 (Kojima et al., 1991; Higashi-
jima et al., 1992a). Moreover, expression patterns of these
genes are similar between the two species, rat and fly.
MBH1 is expressed in the developing rat retina and CNS,
whereas BarH1 and BarH2 are expressed in the developing
fly nervous system (Higashijima et al., 1992a,b). These
suggest that MBH1 is a mammalian orthologue of the
BarH1 and BarH2 genes.
It has been suggested that the mechanism controlling the
development of the eye is conserved among multiple spe-
cies. Pax-6 and Pax-6 homologues such as eyeless play
essential roles in the development of both mammals and
Drosophila (Halder et al., 1995). An early stage of the
development of the Drosophila eye is also controlled by
sine oculis, of which murine homologue Six3 is expressed
in the developing mouse eye (Oliver et al., 1995). seven in
absentia, which is required for the differentiation of R7
photoreceptor, has its murine homologues, Siah-1 and -2
(Della et al., 1993). BarH1 and BarH2 are expressed in
R1/R6 photoreceptors, whereas MBH1 is expressed in sub-
sets of differentiating retinal cells. These suggest that the
regulatory mechanism of the development may be con-
served not only at the early stage but also at the later stage
to produce multiple cell types.
Types of BarH-Expressing Cells
The types of neural cells expressing MBH1 are not the
same through the developing nervous system. MBH1
FIG. 5. Expression of MBH1 mRNA in the forebrain of an E14.5 rat embryo. Sections were hybridized with antisense cRNA probes of
MBH1 (A), Mash1 (B), and ngn2 (C). Rostral is to the upper right. Bar is 200 mm.
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expression in the thalamus is localized to the ventricular
zone, containing undifferentiated cells, whereas MBH1
expression in the retina was detected in areas containing
SCG10-positive differentiated neurons. In contrast,
Mash1 expression is restricted to undifferentiated cells in
the eye and CNS. BarH1 and BarH2 are expressed in
diverse sets of neural cells in Drosophila. In the develop-
ing eye, BarH1 and BarH2 are coexpressed in R1/R6
photoreceptors and primary pigment cells. During the
differentiation of external sensory organs, achaete-scute
are expressed in sensory mother cells, whereas BarH1 and
BarH2 are coexpressed at later stages in thecogens and
neurons (Higashijima et al., 1992b). These suggest that
the BarH and bHLH genes regulate distinct operations of
neurogenesis in both mammals and insects.
Regulation of Neural bHLH Genes by MBH1
Mash1 expression was down-regulated in all lines ex-
pressing MBH1, whereas ngn2 expression was up-regulated
only in the cells expressing MBH1 strongly. This suggests
that more MBH1 mRNA is required for the up-regulation of
ngn2 than for the down-regulation of Mash1 and that ngn2
and Mash1 may be controlled by MBH1 in distinct path-
ways.
P19 cells have been shown to differentiate into neurons
like those of the rostral CNS based on their phenotypes of
neurotransmitters and receptors (for a review see Bain et al.,
1994). Two types of bHLH genes, Mash1 and ngn2, are
down- and up-regulated, respectively, by forced expression
of MBH1 in differentiating P19 cells. Consistent with this,
MBH1 and Mash1 are expressed in mutually exclusive
domains of the developing nervous system. Moreover, ngn2
is expressed in the thalamus in a similar pattern to MBH1
expression (Fig. 5). These suggest that MBH1 may function
as a regulator of Mash1 and ngn2 in the developing nervous
system, thereby regulating distinct pathways of neuronal
differentiation. Since a boundary of the domains of Mash1
and MBH1 or ngn2 expression in the thalamus corresponds
to the boundary of neuromeres, the dorsal and ventral
thalamus, MBH1 might be a key factor to establish neuro-
mere identities by controlling Mash1 and ngn2.
FIG. 7. Expression of ngn2 mRNA in a MBH1-expressing line
during neuronal differentiation. Total RNAs were prepared from
following cell lines without (0) or 3, 5, and 8 days after the onset of
retinoic acid treatment: lanes 1–4, a cell line obtained by the
transfection of the vector (marked by C2), the same as that used in
lane 1 in Fig. 6A; lanes 5–8, a cell line obtained by the transfection
of MBH1 (marked by 2EA), the same as that used in lane 3 in Fig.
6A. Blots were annealed with the following probes: MBH1, ngn2,
Mash1, and GAPDH.
FIG. 6. Expression of Mash1 and ngn2 mRNAs in cell lines
transfected with MBH1 and PHD1. Total RNAs were prepared
from following lines 5 days after the onset of retinoic acid
treatment. (A) Cell lines were obtained by the transfection of
vector (lanes 1 and 2) and the MBH1 gene (lanes 3–5). (B) Lanes
1 and 6, the same lines used in lanes 1 and 3 in A, respectively;
lines were obtained by the transfection of a MBH1 frameshift
mutant (lane 2), a MBH1 deletion mutant (lane 3), and the PHD1
gene (lanes 4 and 5). Blots were hybridized with the following
probes: MBH1, PHD1, Mash1, ngn2, and GAPDH. An arrowhead
indicates the position of a deletion mutant of the MBH1 mRNA,
which is smaller than the intact MBH1 mRNA shown by an
arrow.
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The expression pattern of MBH1 does not match that of
ngn2 in all of the developing nervous system. The develop-
ing telencephalon expresses ngn2 but not MBH1 (Fig. 5). In
the developing retina, ngn2 is expressed like Mash1 in a
more outer layer devoid of ganglion cells (Sommer et al.,
1996). These suggest that ngn2 expression is regulated by
genes other than MBH1 outside of the thalamus. There
might be another mammalian BarH homologue to regulate
ngn2 expression outside of the thalamus, because Drosoph-
ila has two BarH genes. Some neural genes are controlled by
different factors in different places. achaete-scute expres-
sion in the medial and lateral half of the thorax is regulated
by pannier and araucan-caupolican, respectively (Simpson,
1996). Mash1 expression is regulated by distinct cis-acting
regulatory elements in different neural lineages (Verma-
Kurvari et al., 1996).
Cascades from Homeobox Genes to bHLH Genes
Forced expression of MBH1 in P19 cells affected Mash1
and ngn2 expression, suggesting that MBH1 is a potential
regulator of bHLH genes. In Drosophila, proneural bHLH
genes are regulated by homeobox genes. Two homeobox
genes, araucan and caupolican, regulate achaete-scute
expression in sensory mother cells (Go´mez-Skarmeta et
al., 1996). atonal expression in the developing eye is
regulated by another homeobox gene, rough (Dokuku et
al., 1996).
The regulation of a bHLH gene by homeobox genes has
also been demonstrated in myogenesis. myoD expression is
regulated negatively by Msx-1 (Woloshin et al., 1995) and
positively by Pax-3 (Maroto et al., 1997; Tajbakhsh et al.,
1997). Cascades from homeobox to bHLH genes may be a
general feature conserved among several types of differen-
tiation. The types and functions of the homeodomain
proteins, however, are not conserved. The Msx-1 and Pax-3
proteins are members of the msh and paired classes, respec-
tively, whereas the BarH1, BarH2, and MBH1 proteins
belong to the BarH class. The Rough protein may be a
member of the rough class. The Araucan and Caupolican
proteins belong to an atypical homeodomain family, of
which homeodomain sequences need insertions or dele-
tions within the homeodomain to obtain optimal align-
ment. MBH1 down-regulates Mash1 expression, whereas
araucan and caupolican are positive regulators of achaete-
scute. MBH1 up-regulates ngn2 expression, whereas atonal
expression is negatively regulated by rough. The actions of
the Araucan and Caupolican proteins upon the achaete-
scute genes can be direct, because the two proteins can bind
an enhancer of the genes (Go´mez-Skarmeta et al., 1996).
There may be more unknown factors functioning between
the MBH1 protein and the Mash1 or ngn2 gene. Analysis of
target genes of the MBH1 protein and regulatory elements
of the Mash1 and ngn2 genes may clarify this issue.
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